Bumblebees of the subgenus Bombus s. str. dominate (or used to dominate) many north temperate pollinator assemblages and include most of the commercial bumblebee pollinator species. Several species are now in serious decline, so conservationists need to know precisely which ones are involved. The problem is that many Bombus s. str. species are cryptic, so that species identification from morphology may be impossible for some individuals and is frequently misleading according to recent molecular studies. This is the first review of the entire subgenus to: (1) avoid fixed a priori assumptions concerning the limits of the problematic species; and (2) sample multiple sites from across the entire geographic ranges of all of the principal named taxa worldwide; and (3) fit an explicit model for how characters change within an evolutionary framework; and (4) apply explicit and consistent criteria within this evolutionary framework for recognising species. We analyse easily-obtained DNA (COI-barcode) data for 559 sequences from 279 localities in 33 countries using general mixed Yule-coalescent (GMYC) models, assuming only the morphologically distinctive species B. terricola Kirby (a total of 17 species). Seven lectotypes are designated. Our results allow us for the first time to diagnose all of the putative species throughout their global ranges and to map the extent of these geographic ranges.
Introduction
Almost all of the bumblebee species that are used commercially for the pollination of glasshouse crops around Correspondence to: Paul Williams. E-mail: paw@nhm.ac.uk the world, an industry worth billions of dollars annually (Dias et al., 1999; Winter et al., 2006; Goulson, 2010) , belong to the subgenus Bombus s. str. (a monophyletic group: Williams, 1995; Cameron et al., 2007) . One species, Bombus (Bombus) terrestris (details of taxon authors are in the Appendix), has been especially popular for glasshouse pollination and has been introduced into several countries where it is not indigenous, including New Zealand, Chile and Japan (Goulson, 2003; Winter et al., 2006) . Unfortunately, it now appears that there are serious risks associated with moving bumblebees between countries, even for glasshouse pollination. For example in Japan, B. terrestris was introduced into glasshouses, but feral colonies were soon discovered and the species is spreading and replacing the indigenous B. hypocrita (Matsumura et al., 2004; Inoue et al., 2008) . In North America, there is circumstantial evidence that using bumblebees reared in Europe may have caused the rapid and severe collapse of populations of the native B. affinis, B. terricola and B. occidentalis, which were previously among the most abundant species (Thorp, 2003; Winter et al., 2006; Colla & Packer, 2008; Cameron et al., 2011 , but see Brown, 2011 . In order to avoid possible similar collapses, commercial growers in other areas outside Europe now want to know which closely related indigenous species they have that might also perform well as pollinators in glasshouses (Williams et al., 2010) . The problem is that the taxonomy of the species within this subgenus has been particularly uncertain, especially in Asia. There have been no recent revisions (or keys) for the entire group, and just two lists of the world fauna, by Skorikov ([1923] : 19 species) and Williams (1998: 10 species, but including an unresolved complex of several cryptic species). Only a few of the species are easily diagnosed morphologically and widely agreed upon, so that there remains a great morass of taxa of uncertain status and affinity (with 408 published names). These taxa have only subtly differentiated and variable morphological characters from which to diagnose them. Consequently, both a sustainable global pollination industry and the conservation of biodiversity and ecosystem services urgently require clarification and accurate identification of the species of Bombus s. str.
Cryptic species are those that satisfy an accepted concept of species, but which are closely similar or identical in morphology. Identifying species of the subgenus Bombus s. str. from morphology has always presented greater problems than in many other groups of bumblebees. Frustratingly, the relatively close scrutiny that this small group has attracted from many authors, especially in Europe, has not resulted in these problems being resolved. For example, in western Europe until the mid-twentieth century only two species (B. terrestris and B. lucorum) were widely accepted (Pittioni, 1939) . Even these two are still considered difficult to distinguish (Delmas, 1976; Wolf et al., 2010) . When Krüger (1951 Krüger ( , 1954 Krüger ( , 1956 Krüger ( , 1958 reviewed colour variation within the group in considerable detail, he recognised B. magnus as a third west-European species. Bombus magnus became more widely accepted after other bumblebee taxonomic specialists, Løken (1973) and Tkalcu (1974b) , also recognised it as a separate species. But then another taxon that could not immediately be named was identified among males of 'B. lucorum' from labial gland secretions (Kullenberg et al., 1970; Bergström et al., 1973) . Subsequently Rasmont (1981 , 1983 , 1984 argued that B. cryptarum was a species long-ignored in Europe. The three most similar-looking major taxa (B. lucorum, B. cryptarum, B. magnus, henceforth the 'LCM' taxa) came to be regarded as a 'species complex' (Delmas, 1981; Scholl & Obrecht, 1983) , or as a group of 'sibling species ' (Pamilo et al., 1984) , although other experienced specialists disagreed with recognising all three as separate species (Løken, 1966; Tkalcu, 1969; Pekkarinen, 1979) . Not only was it found that not all individuals could be identified with confidence among the three LCM taxa using morphological characters (Rasmont, 1984; P. Rasmont, pers. comm.) , but specialists also disagreed among themselves on the precise thresholds (along an apparent continuum of morphological variation) for diagnosing them (Williams, 2000) . Consequently, as an interim pragmatic measure, the LCM taxa have sometimes been treated as an unresolved complex (Williams et al., 2009) , until it becomes possible to recognise and diagnose the species reliably, with the aim of minimising the inevitable but misleading misidentifications. Meanwhile, support for the interpretation that the LCM taxa do indeed correspond to three separate species has grown from studies of morphology (Rasmont et al., 1986) , enzyme electrophoresis (Scholl & Obrecht, 1983; Pamilo et al., 1984) , male labial gland secretions (Pamilo et al., 1997; Bertsch et al., 2004) , and DNA sequences (Pedersen, 2002; Bertsch et al., 2005; Murray et al., 2008; Waters et al., 2010) . Unfortunately though, the situation is still not entirely resolved. Despite a recent claim that in western Europe the LCM taxa constitute three separate species with both characteristic colour patterns of the pile and characteristic COI (DNA) sequences (Bertsch, 2009 ), a larger study has shown that the colour-pattern groups and the DNA groups frequently disagree (Carolan et al., 2012) . Therefore, the LCM taxa appear to be truly cryptic species. Studies of the more diverse species of this group in Asia have been based on widely scattered, small samples that are also difficult to diagnose from morphology (e.g. Rasmont et al., 1986; Williams, 1991; Williams et al., 2009; Bertsch, 2010; Bertsch et al., 2010a) , so that crucially all of the European work has been done against a background of a very patchy knowledge of its larger global context. Substantial progress towards resolving cryptic species within the subgenus Bombus s. str. is likely to require more characters in addition to morphology. DNA sequences provide a particularly rich source of characters and one for which models describing patterns of evolutionary change are available. Fortunately, recent pinned specimens can be used to recover the short 'barcode' sequence of the mitochondrial COI (cox-1) gene that has been found to enable discovery of species identical to those recognised by more traditional methods (Monaghan et al., 2009) . Inheritance of mitochondrial genes such as COI is reasonably well understood (Ballard & Whitlock, 2004) . Using these genes avoids Downloaded by [Hacettepe University] at 06:14 04 March 2016 the problems with nuclear genes that arise from having multiple alleles, while absence of indels makes alignment for homology straightforward. Mitochondrial genes also have a relatively high substitution rate, so it is claimed that even the short COI-barcode region of 658 nucleotides can be used to identify the most closely related taxa (Hebert et al., 2003; Baker et al., 2009) , and indeed COI-barcode sequences as short as 100 nucleotides can be diagnostic for 90% of the species in other animal groups (Meusnier et al., 2008) . Even when seeking to infer phylogeny, greatly increasing the length of the mitochondrial genome sequences used does not improve the results, contrary to expectation (Naylor & Brown, 1997) . Consequently, despite many potential pitfalls and the need for external supporting evidence, COI barcodes can still be useful for recognising likely cryptic species (Brower, 2006) . And encouragingly, a survey of the subgenus Subterraneobombus worldwide (Williams et al., 2011) has demonstrated that COI barcodes can recover conventional, morphologically diagnosable species for bumblebees, while not splitting these into many false, supposedly 'cryptic species'. Obtaining COI-barcode data is now widely available as a low-cost service, with a campaign already in place specifically to facilitate the barcoding of bees worldwide (Packer et al., 2009) .
The aim of this paper is to provide an overview of COIbarcode variation within the subgenus Bombus s. str. worldwide, from which to recognise and diagnose species. The contributions of the authors have been as follows: PW, collecting material, databasing, data analysis, nomenclature, and manuscript preparation; MB, JC, DG discussion of analysis and manuscript; JA, JH organising and executing extensive collecting surveys in China; JC, JH, CS providing additional sequences; other authors, collecting material for this study to provide permanent vouchers (deposited in the BMNH).
Materials and methods
Our strategy was: (1) to sample specimens across the global range of the subgenus Bombus s. str., to include the principal currently named taxa and the morphological variation within these taxa; (2) to derive COI-barcode sequences from the specimens; (3) to infer monophyletic groups from the sequence data by fitting an explicit evolutionary model of character change; (4) to recognise putative species among the groups by using explicit, consistent and accountable criteria; and (5) to associate these putative species with type specimens and hence with published names.
Sampling bees
Sample specimens were diagnosed as belonging to the subgenus Bombus s. str. from morphological characters in the subgeneric keys in Williams et al. (2008) . The samples for sequencing were selected to include most of the known variation as represented by the previously described specific and subspecific taxa by selecting 'proxy types' for our analysis (see Appendix). Where possible this included individuals from across the entire breadth of the geographic ranges around the Holarctic and Oriental Regions of the principal nominal taxa. In order to achieve a more representative sampling of this large area, we started by exploiting the broad cover of existing museum collections (Table 1) and then used a collaborative network to obtain strategic new samples. Emphasis was placed on reviewing particularly poorly known taxa from Asia, with material included from recent extensive surveys by the authors from China, Central Asia and Russia, supported by GPS data (An et al., , 2010 Williams et al., 2010 
DNA-barcode data
Sample specimens were sequenced for the short 5 barcode region of the mitochondrially encoded COI (cytochrome c oxidase, subunit 1) gene. The majority of specimens were extracted, amplified and sequenced at the Biodiversity Institute of Ontario, University of Guelph, as part of the BEE-BOL campaign to barcode the bees of the world (Packer et al., 2009) . COI-barcode extraction, amplification and sequencing used the standard protocols described by Hebert et al. (2003) . Universal primers for the COIbarcode sequence for insects were used (variants LepF1 and LepR1; Hebert et al., 2004a) . Data for the specimens processed at Guelph have been uploaded to the BOLD online database (Ratnasingham & Hebert, 2007) . A minority of specimens were processed at Trinity College, Dublin (JC) as described by Carolan et al. (2012) , or at the Institute of Apiculture, Beijing (JH). COI-barcode sequences (without primer sequences) from the samples were aligned using the ClustalW function within BioEdit (version 7.0.9.0; www.mbio.ncsu.edu/BioEdit/bioedit.html, accessed 2010) and trimmed to a common frame length of 658 nucleotides that is shared by most samples.
Recognising species
There is no universally accepted concept of the nature of species, or any universally accepted method or criterion for species definition or recognition in practice (Mallet, 1995 (Mallet, , 1997 . Nonetheless, a few species of the subgenus Bombus s. str. (B. affinis, B. franklini, B. ignitus and B. tunicatus) can be considered a priori to be broadly accepted as separate and distinctive species (Tkalcu, 1962 (Tkalcu, , 1967 (Tkalcu, , 1974a Løken, 1973; Plowright & Stephen, 1980; Williams, 1991; Thorp & Shepherd, 2005; Tokoro et al., 2010) that are relatively easily recognisable by pile colour pattern and morphology. The problem lies with assessing the status of the many other described taxa in this subgenus, among which cryptic species are suspected, but for which diagnostic morphological character states are unknown, or incompletely known, or unreliable.
Some previous approaches to recognising species have been based on patterns of relationship within phylogenetic trees (Mallet, 1995 (Mallet, , 1997 . These approaches examine the branching patterns associated with accepted species and then seek to identify other comparable groups from across a phylogenetic tree as candidates for taxa at the rank of species, if they show similar patterns in terms of tree topology alone. Early analysis of COI barcodes suggested a substantial 'gap' between inter-and intraspecific levels of divergence, which could then be used to recognise whether groups were separate species (Hebert et al., 2004b) . However, this potential universal standard gap has subsequently been found to be unreliable (Meyer & Paulay, 2005; Meier et al., 2006; Schmidt & Sperling, 2008) and is not accepted here. Instead, we look for expected transitions in tree-branching patterns between long interspecific branches and short intraspecific branches by fitting general mixed Yule-coalescent (GMYC) models (Monaghan et al., 2005; Pons et al., 2006; Papadopoulou et al., 2008) . Models of these processes for our particular data can be fitted either to apply a single uniform threshold across an entire tree, or to apply multiple thresholds at different heights in different parts of a tree (Monaghan et al., 2009) .
GMYC analysis requires an ultrametric estimate of the phylogenetic tree for the unique haplotypes. Duplicate haplotypes need to be removed from the tree, because otherwise nodes with zero 'age' between identical sequences would imply infinite branching rates (T. Barraclough, pers. comm.). We reduced the dataset to unique haplotypes using Collapse (version 1.2; darwin.uvigo.es/software/collapse.html, accessed 2011) after sorting sequences by decreasing length (to avoid matching of longer to shorter sequences, which might obscure real differences). To infer phylogenetic relationships among the unique haplotypes, we used Bayesian analysis. We found that one of the nucleotide-substitution models that fitted our COI-barcode data best according to jModelTest (version 0.1.1; Posada, 2008) is the frequently used general time-reversible model with a gamma frequency distribution of changes among sites and allowing invariant sites (GTR+G+I). BEAUti was used to prepare XML files for submission to BEAST (both of version 1.6.2; beast.bio.ed.ac.uk, accessed 2011) for Bayesian analysis to group samples into trees (Drummond & Rambaut, 2007) . The number of gamma categories was set to 6, the clock model was set to the uncorrelated lognormal (fixed rate 1), the tree speciation model was set to a Yule process, and the chain length was set to 40 million generations for the Markov-Chain Monte Carlo (MCMC) algorithm, with sampling of the trees every 4000 generations. The ingroup was selected as a first monophyletic taxon set and the outgroup (used to root the trees) was selected as a second taxon set (not monophyletic). The outgroups were chosen to represent the sister groups of Bombus s. str., using sequences from B. (Pyrobombus) vagans Smith, B. (Alpinobombus) alpinus (L.), and B. (Al.) balteatus Dahlbom. This follows the results of Cameron et al. (2007) from a phylogenetic analysis of five genes across most bumblebee species. A consensus tree was obtained from the post burn-in tree sample (rejecting the first 10%) using TreeAnnotator (version 1.6.2; as for BEAST). The posterior probability threshold was set to 0.5, the target tree type was set to maximum clade credibility, and the heights of the nodes were kept.
We applied GMYC models to the ultrametric tree using the SPLITS software tools (T. Ezard; r-forge.rproject.org/projects/splits/, accessed 2011). These tools run Downloaded by [Hacettepe University] at 06:14 04 March 2016 on the platform of the R project for statistical computing (version 2.12.1; www.r-project.org, accessed 2011). The results of the models were assessed in part by examining their consequences for the calibration set of the four broadly accepted species. There are questions concerning the 'limits' of all of the other species, which we seek to address. In addition, MacClade (version 4.08, Maddison & Maddison, 2001 ) was used to fit sequence data to the tree in order to identify diagnostic nucleotide changes for each putative species. MEGA (version 4.0; Tamura et al., 2007) was used to measure intra-and interspecific sequence divergences, which were calculated using the Kimura two-parameter divergence model (K2P, Kimura, 1980) . Although poorly justified for barcodes (Srivathsan & Meier, 2011) , using the K2P model permits comparison with divergence measures from previous studies of the barcoding 'gap'.
Naming species
An unsolved problem ignored in most molecular studies is how to associate available formal names (in the sense of ICZN, 1999) with groups of COI-barcode samples on trees, because it is rarely possible to sequence the namebearing type specimens directly. The problems are that type specimens are: (1) often regarded as too valuable for even small body parts to be removed for destructive sampling; and (2) often too old for simple extraction and sequencing, with degradation-associated 'lesions' in their COI sequence (Bertsch, 2009) . The association of name-bearing type specimens with COI-barcode groups therefore usually has to be subjective and based on agreement in morphological characters.
We have attempted to associate the original namebearing types with COI barcodes via informal vouchered proxy types, for which we do have COI barcodes. These proxies are intended for use in this project alone, to make the process of associating names explicit, accountable, and open to easy revision. In some cases the subjective association can be made easily because a named taxon has a distinctive pile colour pattern or morphology and a well characterised distribution, although in other cases the arguments are less certain (see the Appendix for individual details). Where possible, we have obtained recent samples with matching morphology from sites close to the taxon's original type locality. Names were then associated with the species identified by the GMYC analysis of the unique haplotypes via the sequences of the proxy types by adding accepted sequences back into the haplotype tree. Data files are available from PW.
Results

Quality control of sequence data
A total of 613 specimens were sent for extraction, yielding 572 COI-barcode sequences. No amplification of Wolbachia (or other obviously non-target DNA) was detected. A few samples read differently in the forward and reverse directions, or sequences had grouped basally as outliers within the tree (with no geographic or morphological association, and not as misidentifications according to searches using the BOLD identification engine), or are very short. These are interpreted as severely degraded and are rejected. The remaining 558 sequences (91% of specimens sampled) from 279 localities (Fig. 1 , plus one sequence T, thresholds, the sequence divergence from the branch tips to where the transitions occurred; S GMYC , the number of putative species as the sum of groups and singletons at the thresholds (excluding the 3 outgroups); L 0 , likelihood for the null model that there is a single species; L GMYC , likelihoods for the GMYC models; likelihood ratios evaluated using a chi-square test with 3 degrees of freedom to compare GMYC models and the null model. reconstruction for the taxon terrestricoloratus, see Appendix) are accepted because they lacked indels or in-frame stop codons. They had closely similar GC% (23.3%, SE ± 0.03) with a strong AT-bias in the third codon position (95.1%, SE ±0.05), so that they are unlikely to be from nuclear paralogous copies of the COI gene ('NUMTs'). The 559 accepted sequences include 130 unique haplotypes with 216 variable nucleotide sites that are potentially informative for differentiating groups.
Species recognised
Applying GMYC models to the Bayesian ultrametric tree for the unique haplotypes (Fig. 2) finds the maximum likelihood (Fig. 3) for the transition in branching rate (Fig. 4) between inter-and intraspecific branching patterns. However, neither the single-nor multiple-threshold models shows a significant increase in the log-likelihood scores compared with the (biologically unrealistic) null model of there being just one species in the data (Table 2, Fig. 3 ; there is no significant difference in the fit between the single-and multiple-threshold models, χ 2 12 = 7.71, P = 0.81). This reflects the relatively uniform branching rate in these data (Fig. 4) , which may be part of the reason why species recognition in this group has been problematic. Nonetheless, the fitted thresholds remain the best available guides as to where the largest, biologically significant changes in branching rates occur, even if those changes are not statistically significant.
Of the set of four a priori species, two (B. affinis, B. franklini) had only a single haplotype in our samples, and therefore could not be used to assess the results. B. tunicatus showed two unique haplotypes (one of them representing the taxon gilgitensis) and these are recognised as conspecific in both GMYC analyses. Therefore, the relevant difference between the GMYC models lies in the treatment of the haplotypes of B. ignitus. The multiple-threshold model splits the seven sampled haplotypes of B. ignitus into three entities (prospective 'species'), whereas the singlethreshold model shows a single entity. Examination of the specimens in the three split groups shows no apparent corresponding pattern among them in pile colour pattern, morphology or geographic distribution (more broadly across the tree, the multiple-threshold model generally splits off many entities that similarly show no coherent morphological or geographic patterns). Consequently we have no external evidence to corroborate these splits and so no reason to reject the initial assumption of the conventional single broad species B. ignitus. Therefore, by accepting the a priori species to 'calibrate' our results, we suggest that the single-threshold model is a more parsimonious fit for the subgenus as a whole.
In addition, we note that a slight adjustment to the GMYC single threshold would avoid geographic morphology-based taxa being divided between these putative species. The two nodes closest to the original threshold (the coalescent points of B. sporadicus and B. cryptarum in their broad senses) appear to split geographic colour forms Each unique haplotype is represented by one of the longest exemplary sequences, which has a taxon name (assigned in Fig. 5 from Appendix) and a code that consists of an identifier (B#) from the project database and (after the hyphen) from BOLD (or from another external database, such as GenBank), followed with a reference to its geographic origin. between daughter groups in a way that is inconsistent and so far unsupported by other evidence. There is relatively little COI-barcode divergence in either case between the subgroups compared with between species. Reuniting the parts of these two putative species by adjusting the single threshold from −0.0159 to −0.0166 substitutions per site makes a negligible difference to the log likelihood ( Fig. 3) and is an intuitively sensible definition of the point of greatest change in branching rate across the subgenus Bombus s. str. (Fig. 4) . The resulting reduction from 19 to 17 in the number of putative species is small in relation to the 95% confidence limits of 4-41 putative species (Table 2) .
After adjusting the GMYC single threshold, all of the species recognized from the phylogenetic tree in Fig. 2 have posterior probabilities for the coalescent groups that are > 0.99, so the putative species are all reliably monophyletic groups according to this analysis. In total, 483 nucleotide changes were observed across the tree. Each of the putative species can be diagnosed by a unique combination of shared nucleotide changes from its basal coalescent branch (Table 3) .
Species' names
We relate the species recognized using the GMYC adjusted single-threshold model (Fig. 2) (Table 4) . Some or all of these taxa no longer recognised as separate species could still be regarded as having subspecific rank, if subspecies were considered useful for labelling parts of species, particularly where there appears to be evidence of monophyletic groups from the COI barcodes. Because some sequences differ in length, shorter sequences may match more than one longer unique haplotype and these ambiguous shorter sequences are not shown. The codes following the taxon names follow the format used in Fig. 2 . Lineages subtending species are shown with thick branches. Asterisks mark samples used as informal proxies for the type specimens of each of the principal taxon names (see Appendix). The proxy sample for the type specimen for the oldest available name (the valid name) for each species (from Fig. 2 ) is marked in bold. 
Species' geographic distributions
Recognising putative species among all accepted COIbarcode sequences (Fig. 5 ) allows us to map the broader geographic distributions of these species . The maps include grey spots to show the sites from which specimens of all species with accepted sequences were recorded, whereas the black spots show records for individual species using specimens identified from their sequences. Absence of a record for a particular species (i.e. a grey spot) cannot be interpreted as indicating the absence of the species. The grey spots are useful for comparing a species' presence records (black spots) with the geographic distribution of sampling effort in this study.
Some of the more important geographic results are that: (1) B. terrestris (Fig. 8) is recorded further west in the Azores and further east in Mongolia; (2) B. lucorum (Fig.  13) is widespread in the Palaearctic including Central Asia and with a record from Iceland and a single specimen from the Oriental region, in Sichuan; (3) B. jacobsoni (Fig. 14) has a small known range, endemic to Kashmir; (4) B. hypocrita (Fig. 15) is not recorded from China; (5) B. occidentalis is divided into northern and southern populations ( Fig. 16 ) with distinct haplotype groups (Fig. 2) ; (6) B. lantschouensis (Fig. 18 ) is recorded from both north and south of the Mongolian arid zone; (7) B. minshanensis (Fig.  19 ) is endemic to China; (8) B. magnus (Fig. 20) is confirmed as unknown from east of the Urals (Levchenko, 2010); (9) B. patagiatus (Fig. 21 ) is recorded from both north and south of the Mongolian arid zone, including a southern population that was previously misidentified; (10) B. cryptarum (Fig. 22) is the most widespread species of the subgenus and extends into Central Asia, north China, the Kuril Islands and north-western North America.
Discussion Caveats
Potential sources of larger error in this study include the following. The arctic part of the Palaearctic region may be under-represented in our sampling (Fig. 1) . Museum specimens are likely to suffer from damaged DNA in some older specimens. Some previously published sequences have been identified as damaged (cf. Bertsch, 2009) and we have removed these from our analyses. Extraction, amplification, and sequencing were done in three separate laboratories, so it is possible that each laboratory has its own biases. However, no segregation of groups by laboratory was detected in the results. Non-target DNA can be amplified by mistake, such as from Wolbachia infections (Werren, 1997; Ballard & Whitlock, 2004) . This was tested for and rejected (although the presence of Wolbachia elsewhere within specimens or its effects were not tested, Gerth et al., 2011) . The evolutionary model used to build the tree is inevitably an approximation. However, as new samples were acquired and added to the analyses, the results did not show substantial instability in the topology of the tree. Phylogenetic inferences for closely related taxa derived from DNA-sequence data are more sensitive to the number of individuals sampled than to the number of genes sampled (Maddison & Knowles, 2006) . With 559 sequences accepted, this study includes the largest number of individuals sampled so far for COI barcodes within the subgenus Bombus s. str., representing most of the global distributions for all of the major taxa insofar as they are known (Fig. 1) . However, there are long branches near the base of the tree, where extant populations have greater distances between them. To improve the models in this region, we have added more outgroups, although we expect inferences of these relationships (e.g. between B. sporadicus and B. ignitus) to be less reliable. Patterns of evolution for mitochondrial genes might not correspond precisely with those of their owner organisms, either because of incomplete lineage sorting of ancestral polymorphisms (Edwards & Beerli, 2000; Maddison & Knowles, 2006) ; or because copies become transferred to the nucleus as mitochondrial pseudogenes and show altered patterns of evolution ('NUMTs': Song et al., 2008) ; or because of introgression between species (Ballard & Whitlock, 2004; Monaghan et al., 2005) , such as via leakage of paternal mitochondrial DNA (Magnacca & Brown, 2010) . NUMTs were rejected because of an unchanged AT frequency and no evidence of introgression was found from obviously misplaced groups in the tree. Even mitochondrial DNA might not always change fast enough to track recent speciation, so sister species could retain identical sequences (Kaila & Stahls, 2006; Kuhlmann et al., 2007; Skevington et al., 2007) . We have no evidence of this from pronounced morphological heterogeneity within terminal groups. Thus, despite these and other potential pitfalls of using COI barcodes (Rubinoff et al., 2006) , no problems have manifested themselves to an obvious or serious extent. So far, COI barcodes appear to have provided cost-effective data to supplement the sparse morphological information, to enable us to diagnose otherwise cryptic putative species. But our interpretation is necessarily provisional until it can be assessed with independent data from appropriate independently inherited genes.
Phylogeny and species groups
Our inference of phylogeny for species of the subgenus Bombus s. str. (Fig. 2) shows low posterior probabilities for many higher groups, so these groups are unreliable. Nonetheless, the topology is similar to the results of the most recent previous inference of phylogeny for the subgenus by Bertsch (2010: his fig. 2 ). Bertsch's study used longer sequences of COI, but otherwise covered less of the total variation, with 13% as many sequences as in our analysis, and not including several of the species recognised here (B. lantschouensis, B. minshanensis fig. 1 ) was based on five other genes, including four nuclear genes (these are more independent of COI, although often slower evolving and less informative), but from a total of just 13 specimens. The topology of their tree is broadly similar in the branching order of species to Fig. 2 (their 'lucorum (China)' is B. longipennis and their 'patagiatus' is B. minshanensis). Therefore our results, based only on short COI barcodes, have recovered similar inferences of relationship to earlier results from longer COI sequences and from more genes. This increases our confidence in our results, which cover much larger samples of the variation among individuals worldwide.
Recognising species
Using easily available COI-barcode data, the GMYC models provide accountable interim results for the difficult species, despite the relatively homogeneous branching rates for this group. Our approach is distinct from the DNA Barcoding Enterprise (sensu Ebach & Carvalho, 2010) and we aim to follow it up with studies integrating other character systems (Will et al., 2005) .
A number of conditions apply. For example, the GMYC models assume reciprocal monophyly among species. Reciprocal monophyly is rejected by some as a necessary condition of species (Knowles & Carstens, 2007) , whereas pursuit of monophyletic taxa defines 'best practice' in systematics for others (Ebach & Carvalho, 2010) . Accepting some of the taxa that have been accepted previously as species within the subgenus Bombus s. str. (e.g. the taxa florilegus, moderatus) would require the acceptance of other paraphyletic species according to our results. However, examination of the results (Figs 2, 5) shows that these paraphyletic taxa also show weak differentiation in COI barcodes. As far as we can tell from this evidence, there is little justification for accepting them as species other than their obvious but minor differences in either semi-melanic pile colour pattern or disjunct geographic distribution. These characteristics have not been accepted widely as sufficient among regional colour-pattern variations of B. terrestris in Europe (Estoup et al., 1996; Rasmont et al., 2008) .
Applying a single threshold across the tree to identify species does not assume that all of the species have the same age of their most recent common ancestor, but rather that the most recent speciation event occurred before the Downloaded by [Hacettepe University] at 06:14 04 March 2016 oldest detected within-species coalescence (Pons et al., 2006) . This makes the single-threshold model conservative and unable to detect any more-recently diverged species (Papadopoulou et al., 2008) . From an examination of Fig. 2 Our GMYC results placed a single threshold initially at a (GTR+I+G) divergence of 1.59% (Table 2) , although our adjusted threshold increased this to 1.66%. In comparison, Monaghan et al. (2009) derived similar single GMYC thresholds for four insect groups that ranged between 1-2% (GTR+I+G) divergence, although for dung beetles the threshold was higher at 5%.
The GMYC approach of employing a threshold to distinguish between inter-and intraspecific branching patterns is related to the idea of a 'gap' between inter-and intraspecific levels of COI-barcode divergence discussed in many barcoding studies. Famously, Hebert et al. (2004b) described this gap from birds and proposed using a threshold of 2.7% (K2P) divergence as appropriate for recognising species. Subsequent assessments have shown that instead of a gap there is usually an extensive overlap between levels of interand intraspecific divergence (Meier et al., 2006) . In addition, Meyer and Paulay (2005) found the upper 99% confidence limits for all intraspecific (K2P) divergences to vary substantially, at 2.85% for cowries, 1.38% for limpets and 1.12% for turbinids. From our GMYC results, the largest intraspecific (K2P) divergences within our putative species also range broadly, from 0.31-3.67% (Table 5) .
Among 559 sequences we found only 130 unique haplotypes. Although our sampling effort (Fig. 1 ) was designed to cover the breadth of the known geographic ranges of the species, we may still be far from sampling all of the haplotype variation within those ranges. Future sampling is expected to discover more haplotypes, which should fill in more branching events within species. This is likely to strengthen the GMYC model threshold statistics.
The taxonomic problem with the subgenus Bombus s. str. has been that while a few species are distinctive and agreed, most taxa have been of uncertain status, with only weak morphological characters from which to study them. Our estimate of the phylogenetic tree (Fig. 2) shows a strongly asymmetric branching pattern, which implies much longer branches to the extant 'basal' species. Unsurprisingly then, the four species considered a priori morphologically distinctive are clustered in the basal part of the tree, which also has the species with the largest numbers of diagnostic nucleotide changes (upper part of Table 3 ) and the largest interspecific divergences (upper part of Table 5 ).
Taxonomic and nomenclatural consequences
Only by assessing the full range of variation among all of the major taxa within a group across their entire global distributions is it possible to model patterns of character change reliably in order to derive the best estimates of relationships. Our results (Fig. 5, Table 3 ) support recognising (Fig. 6 ) has many diagnostic nucleotide changes, but we find no evidence from COI barcodes to support the described eastern and western subspecies (cf. Tkalcu, 1967) .
B. terrestris (Fig. 8) is strongly supported as a distinctive species. The taxa canariensis and maderensis have sometimes been regarded as separate species (Erlandsson, 1979; Rasmont, 1984 , but not by Estoup et al., 1996; Rasmont et al., 2008; Bertsch, 2010) , but this is not supported here. The taxon canariensis shares one diagnostic change (position 250) with africanus from Morocco, and has one other unique diagnostic change of its own (position 122). The Turkish taxon terrestriformis is indistinguishable from the southern European dalmatinus in their COI barcodes. B. terrestris has been introduced beyond the indigenous range mapped here, into New Zealand, Tasmania, South America and Japan (Arretz & Macfarlane, 1982; Macfarlane & Gurr, 1995; Stout & Goulson, 2000; Matsumura et al., 2004; Torretta et al., 2006; Schmid-Hempel et al., 2007; Inoue et al., 2008) . Because this species has proved to be invasive and to have deleterious effects on native species (op. cit.), it should not be introduced elsewhere until proven safe, and especially not beyond its range limit to the east and south of the Mongolian arid zone.
B. longipennis (Fig. 12 ) has no uniquely diagnostic changes, although there are uniquely diagnostic changes for taxa within the species: six for longipennis s. str. (southern Tibet and possibly Sikkim) and three for reinigi (western Himalaya). With further evidence these taxa might be split as separate species. The lack of unique diagnostic changes for B. longipennis s. l. could reflect the way the distribution of this species may have became rapidly fragmented by climatic fluctuations within some of the highest mountain ranges in the world. Using other genes, this species has previously been recognised as separate from both B. lucorum and B. cryptarum under the name 'lucorum (China)' by Cameron et al. (2007) . Bertsch (2010) and Bertsch & Schweer (2011) also agreed that it is separate, but had then used Bischoff 's more recent name B. minshanicola for the species. Previously, from morphological evidence, Tkalcu (1974a) had not only recognised that the species is separate from B. lucorum, but had also already synonymised the taxon minshanicola with the species B. longipennis (noted also by Rasmont et al., 1986) . In contrast, Bertsch et al. (2010a) had concluded from a single 'degraded' COI sequence that the taxon reinigi is a separate species and part of the 'cryptarum-complex taxa'.
B. lucorum (Fig. 13) has only a single unique diagnostic change, but is broadly distributed with many unique nucleotide changes within it. If our proxy types are correctly identified (see Appendix), it includes the taxon alaiensis in the mountains of Central Asia and the taxon mongolicus Krüger (a junior homonym of mongolicus Friese, 1916) to the east, in Mongolia and the region to the east of Lake Baikal. From morphology, both taxa had previously been rejected as parts of B. lucorum (Rasmont et al., 1986) .
B. jacobsoni (Fig. 14) has no known uniquely diagnostic changes. The three available sequences (from two recent individuals) are short (426 nucleotides), but identical. This species appears to rival B. franklini (Fig. 11) as one of the more narrowly distributed bumblebee species worldwide (Williams, 1998) . Its known distribution is apparently less than 260 km across within Kashmir, where it seems to be rare and easily confused with the far more abundant B. longipennis (Williams, 1991) . In contrast, Bertsch et al. (2010a) concluded that the taxon jacobsoni is part of B. cryptarum, although they used a a single 'degraded' COI sequence from an older specimen, collected in 1929 (ZMA).
B. hypocrita (Fig. 15) has unique diagnostic changes. We find no clear evidence from COI barcodes to support separate groups for a single northern, more extensively pale subspecies (sapporoensis) and a southern, darker subspecies (hypocrita s. str., Sakagami & Ishikawa, 1972) . In contrast, there is weak support (but no unique diagnostic changes) for divergence between mainland and island populations.
B. occidentalis (Fig. 16 ) is supported by several unique diagnostic changes as a separate species. In revising American bumblebees, Franklin (1913: 239-240) was unsure that it is separate and wrote that he could accept that it is part of B. terricola, but then listed them separately. This separation has been widely followed (recently: Thorp & Shepherd, 2005; Evans et al., 2008 , but see Milliron, 1971 ), but without presenting further evidence other than that they co-occur in Alberta (Hobbs, 1968, who was not explicit as to how the taxa were distinguished there). There has been increasing evidence (although from small samples) to support splitting them as two species (Cameron et al., 2007; Bertsch et al., 2010b) , which is further supported by our GMYC model results. In addition, there is support from single unique diagnostic changes in each case for two distinct and apparently disjunct groups within B. occidentalis: a northern (Alaska to northern British Columbia) group of bees with longer pile (the oldest available name for this northern subspecies is mckayi, described previously as a separate species) and a southern (southern British Columbia to the western USA excluding Alaska) group with shorter pile (subspecies occidentalis s. str., which includes the taxon proximus, also described previously as a separate species), which are not known to occur together.
B. terricola (Fig. 17) is supported by several diagnostic changes as a separate species. In western North America its distribution appears to extend between the two disjunct populations of its sister-species B. occidentalis (Fig. 16) (Krüger, 1956; Tkalcu, 1967; Rasmont, 1984; Yao & Wang, 2005; Williams et al., 2009; An et al., 2010) . In Neimenggu (Inner Mongolia) and Heilongjiang, the taxa vasilievi (described previously as a separate species) and lantschouensis are indistinguishable from one another in COI barcodes, as parts of the species B. lantschouensis.
B. magnus (Fig. 20) has several unique diagnostic changes. The Irish samples are particularly distinct, as reported previously by Carolan et al. (2012) , although with larger samples this is now supported by only one unique diagnostic change.
B. patagiatus (Fig. 21) has two unique diagnostic changes, but includes a southern population with five unique diagnostic changes. These distinctive southern bumblebees from North China were previously widely regarded as part of the species B. hypocrita (Bischoff, 1936; Krüger, 1958; Tkalcu, 1962; Sakagami & Ishikawa, 1969; Ito & Sakagami, 1980; Williams, 1991; Yao & Wang, 2005; An et al., 2010) but are interpreted here as a semi-melanic part of B. patagiatus (oldest available name ganjsuensis). In 2010, field work was targeted on the arid region of Neimenggu (Inner Mongolia) that has few bumblebees, between the pale Russian population to the north and the dark North Chinese population to the south. Individuals collected from the top of one isolated patch of mesic habitat on a mountain (in Huanggangliang) in this otherwise arid region are intermediate in character. They have the COI haplotype and narrow pale bands of the southern ganjsuensis (which usually has an orange tail) but the white tails of the northern patagiatus s. str. (which has broad pale bands). The former confusion between B. patagiatus and B. hypocrita is important because the dark Chinese B. patagiatus ganjsuensis has been found to be a good pollinator in glasshouses (under the name B. hypocrita: An et al., 2010; Chen et al., 2011; Zhao et al., 2011) , as are the true B. hypocrita in Japan (Asada & Ono, 1996) . It would be unwise to allow this misidentification to encourage the introduction of true Japanese B. hypocrita into China (or vice versa) through taxonomic confusion, because this might lead to the loss of one or other indigenous population (cf. Matsumura et al., 2004; Inoue et al., 2008) . The combination of these name changes arising from our understanding of the species B. patagiatus, B. lantschouensis and B. minshanensis within North China is unfortunate: it results in the usage of the name patagiatus being transferred from one species to another, quite different, species within this region (cf. Tkalcu, 1967) . However, this is a biological issue, not a purely nomenclatural issue, so it is not amenable to a simple nomenclatural solution (both the names B. hypocrita and B. patagiatus have to be retained in their familiar senses for these species elsewhere in their distribution ranges).
B. cryptarum (Fig. 22) has no known uniquely diagnostic changes. It is the most broadly distributed species of the subgenus Bombus s. str. in our results and includes more geographically structured subgroups with diagnostic changes than the other species. There are two principal subgroups, each with a single diagnostic change (and no known diagnostic morphological characters), that are both widespread and might be regarded as subspecies: one more southern (Ireland, Britain, through central Europe, Turkey and Iran to Central Asia; oldest available name cryptarum s. str., including the southern European taxon reinigianus); and one more northern (Scotland, Scandinavia, northern Russia, Mongolia and China, to western North America; oldest available name albocinctus, although northern European individuals also resemble the taxon reinigianus in pile colour pattern). Both subgroups occur in Scotland. They correspond to the two haplotypes reported by Carolan et al. (2012) from (1) Denmark, Scotland and Ireland on the one hand; and from (2) Finland on the other (although with larger samples, there are now fewer unique diagnostic changes in our results). From morphology, the taxon albocinctus had been interpreted instead as part of B. lucorum (Tkalcu, 1974c; Davydova, 2001 ). In the mountains of Western Asia, the taxa iranicus and armeniensis are indistinguishable from one another in COI barcodes as a part of this species. In Central Asia, if our proxy types are correctly identified then the taxa borochorensis and turkestanicus Krüger (a junior homonym of turkestanicus Skorikov, 1910) are also indistinguishable from one another in COI barcodes as a part of this species. In Northern and Eastern Asia, the taxa burjaeticus and albocinctus, described previously as two separate species, are supported as parts of this species. In the Kuril Islands, the taxon florilegus has often been regarded as a separate species (Tkalcu, 1962; Sakagami & Ishikawa, 1969; Ito & Sakagami, 1980; Bertsch, 2009 , but see Bertsch et al., 2010a , whereas here it is interpreted as a semi-melanic part of this species. In North America, the taxon moderatus has usually been regarded as a separate species (Franklin, 1913; Scholl et al., 1990; Bertsch, 2009 , but see Milliron, 1971 , whereas here (like Bertsch, 2010) it is interpreted as part of this species.
Cryptic species
Our study shows that in addition to the European cryptic species that are widespread beyond Europe, there are other putative species of the subgenus Bombus s. str. from outside Europe that are also cryptic by morphology, although reliably diagnosable from COI barcodes. These taxa have been regarded previously as parts of other species, because no unambiguous diagnostic morphological characters are known. Significantly, none of the putative species recognised here is a previously unnamed taxon (see Appendix). Even those taxa recognised for the first time as separate putative species from the COI-barcode data (B. lantschouensis, B. minshanensis), do have some morphological diagnosis, even if only in supposed differences in the colour patterns of the pile (Vogt, 1908; Bischoff, 1936) . The challenge now is in Downloaded by [Hacettepe University] at 06:14 04 March 2016 finding which among the described subtle morphological differences for different taxa are truly diagnostic of species supported from other evidence. Thus we see the next step lying in integrated taxonomy, using all available evidence from other DNA, pheromones (De Meulemeester et al., 2011 ), morphology (Rasmont, 1984 Rasmont et al., 1986) and perhaps other characters yet to be explored.
Some of the species of the subgenus Bombus s. str. worldwide that form cryptic groups with similar colour patterns of the pile are: (1) 
Conclusions
We are far from clear and agreed decisions regarding the species of the subgenus Bombus s. str. COI barcodes, which have been extracted relatively easily from recent museum specimens, have enabled us for the first time to survey a priori problematic cryptic species in a unified analysis of many samples from throughout their distributions worldwide. By adopting a collaborative approach, we were able to sample all of these bumblebee species on a small budget, although this hides the far greater cost of the original field work to acquire specimens and the cost of maintaining the museum collections. It depends also on goodwill in the original countries, to permit the collecting and sequencing of specimens. We conclude primarily that results using GMYC analysis of COI barcodes provide one transparent and accountable interpretation of these cryptic species. Evidence from other genes is needed to test this. The voucher specimens of the modified putative species also need to be reviewed for morphological diagnostic characters, to try to establish keys that can be applied to the bulk of older museum specimens and even perhaps in field studies. Above all, we hope that a clarification of the taxonomy of the cryptic species will make it easier to develop commercial pollination from the most appropriate indigenous species, so that the introduction of invasive non-native species (or subspecies, Ings et al., 2005) and their pathogens can be avoided. Clarification of taxonomy is also an essential prerequisite for investigating conservation needs and hence for implementing appropriate conservation actions. The names are listed alphabetically. Each name is followed in parentheses by the name of the species to which it belongs according to the interpretation in this paper. On the next line is shown the original citation in its original form, with interpolations in brackets for the full name of the genus, subgenus or species, as implied by the context of the name in the original paper. Issues affecting the availability and application of the names are outlined, followed by explicit arguments for links between the original type specimens and the proxy voucher sequences used in this paper. Abbreviations for depositories of specimens are expanded in Table  1 .
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Informal proxies for the types are chosen (in order of preference) for: (1) matching morphology and colour pattern of the pile; (2) proximity of the sample site to the type locality; (3) full length COI-barcode sequences; (4) females and especially queens in good condition. These proxies are intended only for the purposes of this project, to facilitate the present link between true primary type specimens and COI barcodes for the sake of accountability. The proxies are not intended to have any formal nomenclatural status, or any longer-term persistent significance. Availability: Reinig (1930) used the term 'ssp.' as well as 'var.' in his publication, so 'var.' is deemed to be of infrasubspecific rank and the name is unavailable (ICZN, 1999: Art. 45.6.4) . However, Krüger (1951: 195) subsequently used the name 'alaiensis Reinig' at the subspecific rank of 'Rasse' (Krüger, 1951: 142) , so that it is deemed to be available from the date of Reinig's original publication (ICZN, 1999: Art. 45.6.4 
.1).
Type locality from original publication: 'Gultscha (Alai)' (Gulcha, Kyrgyzstan), 'Kisil-beles (Alai)' (Kyrgyzstan), 'Taldik (Alai)' (Kyrgyzstan), 'Jaman-tal (Pamire)' (Tajikistan). 
audax (terrestris)
Apis Audax Harris, 1776: 130 (not 137).
Type locality from original publication: England. It is uncertain where Harris collected, but it is presumed to be near where he lived, 'some distance from London' (Salmon, 2000) . (1) clypeus with punctures in the medial ventral area denser, larger and deeper; (2) metasomal tergum 2 with punctures in the medial posterior area denser with stronger intervening surface sculpturing. In addition, the prospective lectotype has the pile with: (1) an extension of the yellow on the side of the thorax (episternum, shared by both B. lucorum and B. cryptarum in this part of Asia, consequently uninformative); and (2) often (but not always) a greenish tint of the yellow, although the precise hue of the yellow can be unreliable as a taxonomic character in this group of bees (Bertsch et al., 2004) . Specimen in the project voucher collection.
canariensis (terrestris)
BOMBUS TERRESTRIS L., var. canariensis Pérez, 1895: 191 no. 2.
Type locality from original publication: 'Canaria et Ténérife' (Gran Canaria and Tenerife, Spain).
Type material: lectotype queen (MNHN) by designation of Erlandsson (1979: 189) . Not seen, but taxon concept not in doubt.
Barcode proxy type: B#434 from a queen, from Gran Canaria (collected by P. Sima, in 2008) . This matches the usual concept of the taxon in colour pattern and morphology. Specimen in the project voucher collection.
cryptarum (cryptarum)
[APIS] cryptarum Fabricius, 1775: 379 no. 6.
Type locality from original publication: 'Habitat Hafniae' (Copenhagen, Denmark, according to Løken, 1973: 40) .
Type material: stated originally to be in 'Mohr.'. Lectotype queen (KU) by designation of Løken (1966:199) . Not seen, but taxon concept not in doubt.
Barcode proxy type: B#169, from a queen, from southern Denmark (collected by H. Schmidt, in 2001) . This matches the usual concept of the taxon in colour pattern and morphology. Specimen in the project voucher collection. Availability: Krüger's (1951: 142) statements show that he intended 'geographische Rassen' to be equivalent to subspecies in rank (ICZN, 1999: Art. 45.6.4) .
Type locality from original publication: 'Gèdres' (France).
Type material: syntype queens, male (ZMA). Syntype queen (ZMA, 'Gèdres') examined. Taxon concept not in doubt.
Barcode proxy type: B#320 from a queen, from Soria, Spain (collected by I. Yarrow and E. Yarrow, in 1965) . This matches the type specimen in colour pattern and morphology. Specimen in the project voucher collection.
maderensis (terrestris)
Bombus maderensis Erlandsson, 1979: 191. Type locality from original publication: 'Madeira, Funchal' (Portugal). Availability: Vogt's (1911: 50 footnote) statements show that he intended 'Varietas geographica' to be equivalent to subspecies in rank and 'Aberratio extrema' to be of infrasubspecific rank. He uses 'Forma' for taxa that he could not assign to either rank with certainty and these are treated as being of subspecific rank (ICZN, 1999: Art. 45.6.4) . Furthermore, Krüger (1951 : 143, 1954 subsequently used this name as the valid name for a species, Bombus magnus Vogt, so that it is now deemed to be of subspecific rank and available from the date of Vogt's original publication (ICZN, 1999: Art. 45.6.4 
.1).
Type locality from original publication: 'in Nordschottland und auf den Orkneyinseln' (in northern Scotland and on the Orkney Isles, UK).
Type material: syntype queens, workers, males (ZMA). In Britain, using morphological characters, Alford (1975) mentions B. magnus in his text as occurring 'in the north of Scotland', although the included Bumblebee Distribution Maps Scheme map shows records including the mainland, Hebrides and Orkneys (included also in the map in Rasmont, 1984) . Baker (1996) records it from Sutherland. In contrast, from COI results, while the presence of B. magnus on the mainland is supported (Murray et al., 2008; Bertsch, 2009) , there is no confirmation of its occurrence in the Orkneys, where B. cryptarum is now shown to occur (Murray et al., 2008; Bertsch, 2009 
